
MAE 545: Lecture 14 (11/10)

Mechanics of cell membranes
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Figure 11.2: Key examples of membranes in biological systems. Eukaryotic cells, such as this fibroblast, are rife with many
specialized membranes. The plasma membrane is a single phospholipid bilayer riddled with membrane proteins. The rough
endoplasmic reticulum, also a single bilayer, is the site of synthesis of membrane-bound and secreted proteins. The ribosomes
synthesizing these proteins are intimately associated with a transport apparatus in the endoplasmic reticulum membrane. The
nuclear envelope consists of two phospholipid bilayers with a thin space between them. This nuclear envelope is perforated by
nuclear pores that permit transport of materials from the cytoplasm to the nucleus and back. Bacterial cells rarely have internal
membranous organelles, but may have very complex external membranes. For E. coli, the cell envelope consists of two
bilayers—an inner membrane and an outer membrane—separated by a rigid cell wall. The outer leaflet of the outer membrane
is largely composed of an unusual molecule called lipopolysaccharide, rather than of phospholipids.

are associated with their organelles as illustrated in Figures 11.3(C)
and (D), which show the layered membrane structure in a rod cell
and in a mitochondrion with surrounding endoplasmic reticulum,
respectively.

The starting point for thinking about membrane organization is that
its shape is dictated by the physical properties of the two layers of
phospholipids that make up the lipid bilayer. This lipid bilayer is
two lipid molecules thick, riddled with a dazzling array of membrane
proteins. Figure 11.4 shows several generations of models for cell
membrane structure. The fluid mosaic model of Singer and Nicolson
(1972) envisioned a lipid bilayer as a two-dimensional fluid in which
embedded membrane proteins were able to easily move laterally in
the plane of the membrane, but could not move out of the plane.

Later versions of this model acknowledged the fact that there is
a great deal of structural heterogeneity within the lipid bilayer. For
example, membranes containing multiple types of lipids that tend
to mix nonideally can have a complex organization in which struc-
turally compatible lipids assemble into microdomains. Along similar
lines, membrane proteins can generate local order in the lipids that
surround them and lipid domains can strongly influence protein orga-
nization. In living cells, the membrane does not exist in isolated
two-dimensional splendor—long branched chains of carbohydrates
protrude into the third dimension and structural elements within
the cell such as the cytoskeleton interact extensively with membrane
components to shape the membrane surface.
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Lipid membrane behaves like fluid
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Figure 11.7: Geometrical shape of
lipids. This figure shows a
coarse-grained representation of lipid
geometries that is useful in developing
intuition for the spontaneous curvature
induced by different lipid types. The
small insets show the kinds of
three-dimensional geometries adopted
by these lipids.

The Shapes of Lipid Molecules Can Induce Spontaneous Curvature on
Membranes

Thus far, we have largely focused on the chemical properties of lipids.
In addition, certain intuitive features of lipid packing in membranes
can be understood on the basis of the geometry of those molecules.
In particular, depending upon the number of tails, the degree of satu-
ration of the bonds in the tails, and the size of the headgroups, these
molecules can have strong geometrical anisotropy. Figure 11.7 gives
a feeling for the different kinds of geometries. Several of the books in
the Further Reading at the end of the chapter (for example, Boal 2002
and Israelachvili 2011) describe the connection between the shapes of
individual molecules and the kinds of assemblies they form.

When two or more lipids with different geometries must coexist in
a single structure, they sometimes tend to segregate into separate
domains. Under some conditions, this spontaneous segregation can
induce the generation of complex vesicle geometries where different
domains have different curvatures as shown in Figure 11.8. Inside
cells, this kind of lipid heterogeneity together with the influence of
membrane-associated proteins as discussed below can contribute to
formation of elaborate intracellular membrane systems.

5 mm 5 mm

Figure 11.8: Structures of
multicomponent vesicles. Vesicles
made of more than one species of lipid
can give rise to structures with complex
geometries. Different lipid species are
labeled with different fluorescent dyes,
shown here in red and blue. The lipids
with distinct physical properties tend to
spontaneously segregate into domains.
On the left, a vesicle at low temperature
(25 ◦C) exhibits two large domains. The
line tension caused by the mismatch at
the boundary between the two domains
(discussed later in the chapter) causes a
deformation of the vesicle, such that
one domain (blue) adopts a higher
curvature than the other (red). On the
right, a similar vesicle held at a higher
temperature (50 ◦C) adopts a much
more complicated shape. The individual
domains are smaller, and the overall
shape again separates regions with
high curvature (red) from regions with
low curvature (blue). (Adapted from
T. Baumgart et al., Nature 425:821,
2003).

11.1.3 The Liveliness of Membranes

The major biological function of membranes is to separate cells and
organelles from their surroundings, but at the same time, cells and
organelles must communicate and exchange material with the external
world. The critical functional modifications to biological membranes
that enable this exchange are generally mediated by proteins, which
make up a large fraction of the mass of the membrane (see the
estimate below to get a feeling for the numbers). From a general per-
spective, the structures of many of these proteins can be thought of as
having three distinct parts: an intracellular domain, a transmembrane
domain, and an extracellular domain. Figure 11.9 shows a gallery of
some representative examples of such proteins whose functions are
detailed in the following paragraphs.
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Estimate: Sizing Up Membrane Heterogeneity In Chap-
ter 2, we estimated our way to a census of a bacterium like
E. coli that included an estimate of the protein complement
of the membranes. One way to state the importance of mem-
brane proteins is through the estimate that roughly one-third
of the genes in a typical genome encode membrane proteins.
In the case of E. coli, this led us to the estimate that there
are 106 such proteins per cell. Since a bacterium like E. coli
has two membrane systems, we can naively imagine that there
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Membrane proteins can induce 
spontaneous curvature
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Clathrin–adaptor-protein 
complexes
Adaptor proteins recruit 
clathrin to membranes and 
concentrate specific 
transmembrane proteins in 
clathrin-coated areas of the 
membrane. Clathrin is a protein 
that exists in a trimeric form 
called a triskelion, and clathrin 
triskelia polymerize to form 
cage-like structures.

BAR domain
(‘Bin, amphiphysin, Rvs’ 
domain). A domain that is 
found in a large family of 
proteins. It forms a banana-like 
dimer, and binds to and 
tubulates lipid membranes.

Endophilins
A family of proteins that 
contain a BAR (Bin, 
amphiphysin, Rvs) domain with 
extra amphipathic helices. 
Endophilin-1 binds to and 
tubulates lipid membranes.

Figure 3 | Mechanisms by which proteins can generate 
membrane curvature. a | The scaffold mechanism. A rigid 
protein, or protein domain (for example, the BAR (Bin, 
amphiphysin, Rvs) domain), that has an intrinsic curvature 
binds to the membrane surface and bends the membrane 
beneath it. b | Polymerized coat proteins, which are 
sometimes linked to membranes through adaptor proteins 
(not shown), stabilize membrane curvature. c | The local 
spontaneous curvature mechanism is mediated by the 
insertion of amphipathic moieties of proteins between the 
polar headgroups of lipid molecules. A BAR domain is 
shown here inserting amphipathic helices into the 
monolayer it contacts74.

the total areas of the two lipid monolayers. In a key 
biologically relevant situation, such as membrane-car-
rier formation, protein insertion is expected to occur 
only locally in membrane spots that have areas that are 
negligible compared to the total membrane area. Even 
if the local membrane concentration of the inserted 
protein domains was considerable, the effect would be 
averaged over the total membrane area, so it would 
provide a negligible contribution to the total area dif-
ference between the membrane leaflets.

Proteins bend membranes: biological examples
Scaffold mechanism. The scaffold mechanism is 
straightforward and might underlie the function of 
many well-studied membrane-curving proteins59. It 
proposes that all of the protein coats that are known to 
cover the surface of membrane invaginations and buds 
function as scaffolds for membrane curvature (FIG. 3b). 
Within this idea, the COPI and COPII complexes and 
the clathrin–adaptor-protein complexes provide scaffolds 
for spherical curvature, whereas dynamin and BAR (Bin, 
amphiphysin, Rvs)-domain-containing proteins (includ-
ing endophilin) wrap around membranes and provide 
scaffolds for cylindrical curvature26.

The clearest way to visualize the scaffold mechanism 
is to consider the formation of cylindrical membranes 
by dynamin and BAR-domain-containing proteins. 
The dynamin helix self-assembles in the absence of 
lipid into rings and helices60, which means that it is 
characterized by the intrinsically bent shape of a ‘split 
lock washer’ (recent structural data confirm this; 
J. Hinshaw, personal communication). Furthermore, 
dynamin binds to lipid membranes and forms cylin-
drical coats that have the same helical structure and 
cross-section radius as the pure dynamin helix36,61–68. 
This means that the rigidity of the dynamin coat is 
greater than that of the lipid bilayer and that dynamin 
binding to lipids is sufficiently strong to allow the scaf-
fold mechanism to work in membrane shaping and, 
probably, membrane fission67,69–72.

The BAR domain has a banana-like shape73,74, and 
its concave surface binds the lipid membrane (FIG. 3c). 
It therefore satisfies the criterion of having the correct 
intrinsic shape. In addition, the protein has 12 positively 
charged residues on its concave surface, which allows 
it to interact strongly with the negatively charged polar 
headgroups of the lipid molecules. The energy of this 
interaction is predicted to be 6–12 kcalmol–1 per domain 
for membranes that contain 15–30% negatively 
charged lipid headgroups75. As four BAR domains 
circle cylindrical membranes, this energy is more 
than the membrane-bending energy (which is about 
20kBT), which means that the criterion of a high 
affinity of the protein for the membrane is also satis-
fied75. In general, the electrostatic interaction between 
lipids and proteins is one of the important factors that 
determines membrane shape. Although there are no 
data available regarding the intrinsic rigidity of BAR 
domains, presumably the bundling of the helices that 
constitute a BAR domain lends rigidity. The curvature 
of many membrane tubes that are covered by these 

domains is close to the curvature of the concave BAR-
domain surface. This implies that the protein domains 
are more rigid than lipid bilayers, which would satisfy 
the last criterion of the scaffold mechanism.

For all of the other protein complexes that are 
assumed to function according to the scaffold mecha-
nism, the data justifying this assumption are not avail-
able at present. Clathrin and its complex with adaptor 
proteins, which is required for membrane binding, 
self-assembles in the absence of lipid into cages, the 
polyhedral shapes of which can be approximated 
by spheres that have curvatures comparable to, or 
even smaller than, the curvatures of clathrin-coated 
vesicles16,76,77. This means that clathrin complexes are 
characterized by an intrinsically curved shape that 
is necessary for the scaffold mechanism. In fact, by 
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curved proteins 
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Figure 11.13: The geometry of
membrane deformation. From top to
bottom we illustrate stretching of a
membrane, bending of a membrane,
thickness deformation of a membrane,
and shearing of a membrane.

which proteins can influence the thickness of the surrounding bilayer.
Finally, to understand the various shapes of red blood cells, we will
have to consider shear deformations of the cell membrane and its
associated spectrin network. To get a sense geometrically for how
such deformations work, we will repeatedly appeal to the square patch
of membrane shown in Figure 11.13. There are many subtleties lay-
ered on top of the treatment here, but a full treatment of this rich
topic would take us too far afield, and we content ourselves with the
pictorial representations shown here.

Membrane Stretching Geometry Can Be Described by a Simple Area
Function

The top image in Figure 11.13 illustrates the first class of defor-
mations we will consider, namely, when the area of the patch of
membrane is increased by an amount!a. Just as the parameter !L was
introduced in Section 5.4.1 (p. 216) to characterize the homogeneous
stretching of a beam, the parameter !a will provide a simple way
to characterize the change in the area of a membrane. To be explicit
about the fact that the amount of stretch could in principle vary at
different points on the membrane, we introduce a function !a(x, y)

that tells us how the area of the patch of membrane at position (x, y)

is changed upon deformation.

Membrane Bending Geometry Can Be Described by a Simple Height
Function, h(x,y)

To consider bending deformations, we treat surfaces as shown in
Figure 11.14. We lay down an x–y grid on the reference plane and we
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